Abstract The aim of this research is the early identification of distinctive responses to NaCl in rice cultivars that would indicate further stress-related effects in mature plants. For this purpose, we analysed some developmental and anatomical features in control and NaCl-stressed seedlings of two Japonica rice cultivars (Bomba and Bahia). Responses ascribed to osmotic stress were differentiated from those related to the ionic component of salinity by using in parallel a non-penetrating osmoticum (sorbitol). The general patterns of reduction in growth and variations in anatomical features of second leaf sections were similar in both cultivars. The main difference between them was the intensity of the response as a function of the stress agent. In general, the effect of NaCl was significantly stronger than that of sorbitol in cv. Bomba, whereas in cv. Bahia the effects of both stress agents were comparable. In this regard, the size of epidermal and bulliform cells as well as dimensions related to the vascular system, including xylem vessels, increased significantly in NaClstressed cv. Bomba leaves. This enlargement of xylem vessels agrees with the observed decrease in the rate of eosin transport and appears to be a distinctive anatomical indicator of NaCl sensitivity. The further impact of salinity on grain yield was proved to be stronger in cv. Bomba plants than in those of cv. Bahia.
Introduction
Low water supply and salinity are among the main agronomic constraints in rice cultivation and generally appear associated with other abiotic stresses (Gregorio et al. 2002; Sahi et al. 2006) . Understanding the physiological mechanisms of tolerance to these types of stress is needed to guide both breeding and genetic manipulation programmes for rice and other crop plants (Flowers 2004; Tester and Bacic 2005; Munns 2005) .
Distinctive indicators of salt tolerance at the molecular, cellular, tissue and whole plant levels would facilitate the selection of tolerant phenotypes and the identification of new genetic resources involved in salt tolerance (Munns et al. 2006) . Among many possible molecular indicators, the main candidates are antioxidants and some organic compounds such as glycinebetaine and proline (Ashraf and Harris 2004) . The capacity for osmotic adjustment, including Na ? compartmentalization and the ability to maintain membrane integrity, are important factors associated with salt tolerance at the cellular level (Yamaguchi and Blumwald 2005) .
Several morphological and physiological features observed in halophyte species, such as epidermis with thick external cellular walls or root penetration ability, have been related to drought and salinity tolerance. In addition, tolerant dicots frequently have salt-excreting glands and accumulate much higher concentrations of Na ? in their shoots, probably related to succulence which is more common in dicots than in monocots (Mateu-Andrés 1991; Joshi et al. 2005; Tester and Bacic 2005) .
Variations in sensitivity to salt during the life cycle increase the complexity of tolerance evaluation (Flowers 2004) . In this respect, it has long been known that grain yield in rice is much more depressed by salt than vegetative growth and that germination is relatively salt resistant (Lutts et al. 1995; Khatun and Flowers 1995) .
At the seedling stage, the level of salinity tolerance of Indica rice cultivars is generally considered higher than that of Japonica cultivars (Lee et al. 2003) . These authors based the difference in tolerance on the ability to maintain a low Na ? /K ? ratio in the shoots and on the inhibitory effect of salinity on several growth parameters which is less pronounced in Indica than in Japonica rice. Some of these growth parameters such as root growth, seedling height, leaf area, or tiller number have been proposed as morphological markers for the screening of tolerant genotypes in rice (Lee et al. 2003; Alam et al. 2004; Singh et al. 2007 ). We previously reported on variations in leaf anatomy as well as in some of these growth parameters induced by NaCl stress in rice seedlings grown in vitro (Bahaji et al. 2002) .
The identification of morphological or physiological markers that would predict at the seedling stage peculiarities that will occur further in plant development, particularly those related to stress responses, should facilitate the early screening of genotypes. To this end, we have characterized seedlings of two rice cultivars (Bomba and Bahia) from Spain. Bomba rice has been cultivated since the end of the nineteenth century and is still used for traditional cooking, although its productivity is hindered by excessive height. Bahia rice, developed in the 1970s, is shorter and much better adapted to rice irrigation conditions. A direct comparison of these two cultivars during the vegetative development (48-to 52-day-old plants) showed that cv. Bomba plants are much taller (82 vs. 59 cm) and develop more leaves than Bahia. The genetic variability and relationships among several Japonica rice cultivars, including cvs. Bomba and Bahia, have been recently analysed by the use of microsatellite markers (Wankhade et al. 2010) .
In rice, it has long been reported that grain yield is much more depressed by salt than vegetative growth (Lutts et al. 1995; Khatun and Flowers 1995; Rao et al. 2008) . In this regard, mature Bomba plants were unable to flower when subjected to 25 mM NaCl since germination, while under the same stress condition, cv. Bahia plants did flower although their productivity was reduced to 30% (unpublished observations).
We have used greenhouse grown seedlings of these two Japonica cultivars to address the following two questions:
Are there any developmental or anatomical features that would allow the identification of distinctive responses to NaCl in rice seedlings?
If this is the case, are there stress-related anatomical variations in seedlings that could be used as markers of the further stress tolerance during the reproductive stage?
Materials and methods
Experiments were performed with rice plants of two Japonica rice cultivars: Bomba and Bahia. They were germinated and grown in the greenhouse with day/night temperatures of 27/18°C and relative humidity of 60-80%.
Germination and seedling growth under saline and osmotic stress Rice caryopses were sown in a mixture of substrate (Kekkilä Iberia S.L.) and perlite (3:1). Following germination, that occurred 5-8 days after sowing, ten seedlings per pot were labelled. Both saline and osmotic stress treatments were initiated on the third day after sowing. Seedlings were irrigated with tap water every 3 days, initially by adding water or stress solutions on the soil surface and later, when the root system was developed, by filling the trays of each pot until soil saturation. The corresponding stress solutions contained 150 mM NaCl or 300 mM sorbitol and were prepared in tap water with a conductivity of 530 lS/cm as estimated with a EC 214 conductivity meter (Hanna Instruments, Spain).
Stress-related effects on seedling height, leaf number and leaf blade length were monitored using ten seedlings per cultivar and culture condition, growing in two different pots located at random. Seedling height was determined periodically until seedlings were 35 days old. Lengths of fully extended second and third leaf blades were monitored until constant readings were obtained. By then, seedlings were approximately 23 and 29 days old. During this time period, the root system of five additional uprooted seedlings per cultivar and culture condition was also examined.
Reproductive development under saline stress The level of NaCl had to be reduced in a subsequent experiment from 150 mM to 10 and 20 mM to estimate the effect of salinity on grain yield. For this purpose, irrigation with water (controls) or with 10 and 20 mM NaCl was maintained from seedling germination to the ripening period (10 plants from 2 pots per cultivar and culture condition). Plants were grown under the conditions specified above. Sections were stained with safranine, from a 1% w/v stock solution of safranine in 96% ethanol subsequently diluted 1:50 in distilled water. After staining, sections were rinsed rapidly with 96% ethanol slightly acidified with HCl, washed several times with water and mounted in a drop of liquid glycerol-gelatine mixture. A total of 30 transverse sections (5 sections per cultivar and culture condition) were observed with a Nikon microscope (Eclipse E-600, Japan) and images were taken at 4009 magnification with a Nikon digital camera (Coolpix E-995, Japan). The effects of NaCl and sorbitol stress on several leaf blade features were determined by the use of an image analysis programme (Soft Image System GmbH, Germany).
Stomatal density was estimated on upper (adaxial) epidermis in two zones, each on a different side of the middle vein, using four leaves per cultivar and culture condition. For this purpose, fixed second leaf fragments of 1-1.5 cm in length were heated in water at 75°C for 30 min and stained with safranine. Then, the epidermis was carefully peeled off, and mounted for microscopic observations. Eosin transport along the shoots Eosin solutions were used to visualize transport through xylem vessels and to compare transport rate in control and stressed seedlings. Experiments were performed when second leaves of seedlings were fully matured. The solutions used contained 4 mg of eosin per ml of water. Seedlings were uprooted, excised at root-shoot junction, and placed in a vial containing 1 ml of eosin solution for 1 h. To estimate transport rates, both, the distance from the root-shoot junction to the middle zone of the second leaf blade and the time required for the eosin solution to be noticeable at this zone were determined in each seedling. The volume of eosin solution taken up after 1 h was also determined. A total of 36 seedlings were used (6 seedlings per cultivar and culture condition). Leaf blades from additional seedlings were sectioned and prepared for in vivo microscopic observations after approximately 1 h of eosin uptake, when the dye solutions had spread through all veins of second leaves. In each experiment, control and stressed samples were maintained under identical environmental conditions.
Putative variations in the ratio of opened and closed stomata were evaluated in a subsequent experiment. For this purpose, adaxial zones from second leaves were painted with nail varnish and allowed to dry at room temperature for 30 min. Then, thin layers of varnish were removed and mounted on slides for microscopic observations. Leaf stomatal impressions were taken from excised shoots of control and stressed seedlings (cv. Bomba) incubated for 30 min in solutions of eosin dissolved in water as well as from counterpart seedlings that have been maintained in pots. Both, total number of stomata and number of closed stomata per mm 2 were counted in two zones per each leaf blade and two leaves were used per each experimental condition.
Statistical analysis
Statistical analyses of data were carried out by ANOVA tests with the SPSS programme (version 14.0 from SPSS Inc., Chicago, IL, USA). Significant differences (Tables 1,  2 
Results

Seedling development under saline and osmotic stress
The stress treatments used in the different experiments (150 mM NaCl and 300 mM sorbitol) were initiated 3 days after sowing the seeds and maintained thereafter. These stress conditions delayed germination slightly but did not affect germination rate as practically all seeds had germinated 8 days after sowing. The effect of stress on seedling growth became evident when they were 2-3 weeks old (Fig. 1) . Under both types of stress, the height of 32 days old seedlings, was significantly lower than that of control seedlings in both cultivars. These controls were taller in cv. Bomba than in cv. Bahia with average heights of 47 and 37 cm, respectively. By then, salinity have decreased the growth of cv. Bomba seedlings more than sorbitol stress while in cv. Bahia the effect of salinity did not differ significantly of that of sorbitol (Fig. 1 ).
Second and third leaves were fully developed when seedlings were approximately 23 and 29 days old, respectively. By then, control leaf blades from cv. Bomba were longer than those of Bahia (Table 1) . Salinity significantly decreased the growth of second and third leaf blades in both cultivars. As occurred with height ( Fig. 1) , the effect of sorbitol was significantly less pronounced than that of NaCl in cv. Bomba while in cv. Bahia their effects were not significant (Table 1) . Once third leaves were fully extended, a slight decrease in the number of leaves became noticeable in stressed seedlings, but it was only significant in NaCl-stressed Bomba seedlings (Table 1) . During this developmental stage (23-to 29-day-old seedlings) the stress treatments did not decrease significantly either the number of primary and adventitious roots (10-12 per seedling) or the density of lateral roots (27-33 per cm of primary roots). Lateral roots were distributed more irregularly in stressed seedlings than in controls (data not shown).
Stress-related variations in leaf anatomy
A total of 16 features from transverse sections of second leaf blades were quantified in control and stressed seedlings (Table 2 ). These features, most of them identified in Fig. 2 , are related either to dimensions, surface areas or abundance of vascular system components as well as to epidermal and bulliform cells. Stomatal density values in leaf epidermis are also indicated in Table 2. A comparison between control leaf blades indicate a few cultivar-related differences. Thus, dimensions of central and lateral ridges are higher in cv. Bahia than in cv. Bomba while the number of epidermal cells per mm is higher in cv. Bomba, probably related to differences in size of epidermal and bulliform cells ( Table 2) .
The response to NaCl stress differed as a function of the cultivar used. Thus, in cv. Bomba most parameters were significantly higher in saline stressed seedlings than in controls (Table 2; Fig. 2 ). The following features increased in size: central and lateral ridges, central and lateral vascular bundles, and xylem element vessels in central and lateral vascular bundles, although the increase in size of small xylem vessels in the central vascular bundles was not significant. In addition, the surface of bulliform and epidermal cells increased with a concomitant decrease in the number of epidermal cells per length unit. The response to NaCl in cv. Bahia was limited to the increase in size of large epidermal and bulliform cells and the size of xylem element vessels located in central vascular bundles (Table 2) .
In general, variations in second leaf features related to sorbitol stress were not significant with respect to their control counterparts, although most values were intermediate between those of control and saline stress (Table 2) . This is evident in cv. Bomba, where 10 out of 17 parameters overlap values from control and NaCl-stressed leaves. The only features with significant increases in sorbitol-stressed leaves were observed in cv. Bahia with regard to the size of xylem vessels in central vascular bundles and the stomatal density (Table 2) .
Variations in xylem transport
The effects of NaCl and sorbitol stress on the rate of xylem transport in excised shoots were visually monitored by the use of eosin solutions (Fig. 3) . Preliminary experiments on eosin transport from the shoot base up to the second leaves showed that transport generally appeared delayed in shoots of stressed seedlings as compared with their control counterparts (data not shown). Eosin was noticeable in the visible veins of second leaves after 1 h of incubation with independence of the culture conditions (Fig. 3a) . Transverse sections from second leaf blades obtained in vivo showed that eosin was located in central, lateral and small vascular bundles (Fig. 3b, c) . Under our experimental conditions, the percentage of closed stomata in second leaves (cv. Bomba) ranged from 3 to 4% in excised shoots, fewer than those of seedlings maintained in pots, although values did not differ significantly. Therefore, more than 95% of the stomata in second leaves were open during the performance of these experiments. In order to quantify transport rates, the movement of an eosin solution from the shoot base to the middle zone of the second leaf blade was individually estimated in all visible veins. Table 3 shows the values of transport rate (cm/min) as a function of the cultivar and the stress conditions, together with the transport distance covered and the volume of eosin solution taken up and transported after 1 h. As expected, the transport distances covered by the eosin solution varied with the cultivar and type of stress. Thus, they reflected differences in seedling height and length of second leaf blades ( Fig. 1; Table 1 ). Volumes of eosin uptake in stressed shoots were lower than those in controls, although differences were only significant for cv. Bomba shoots. The differences in uptake are probably caused by a combination of factors such as stress-related reduction in growth parameters ( Fig. 1; Table 1 ) and variations in the vascular system (Table 2) .
Under saline and osmotic stress the rates of eosin transport were lower than under control conditions in both cultivars (Table 3) . However, differences were only significant for NaCl-stressed cv. Bomba shoots, with transport Bomba and Bahia). The stress agents (150 mM NaCl and 300 mM sorbitol) were applied 3 days after sowing and maintained thereafter. Seedling height was measured along the incubation period, and within each cultivar and time period, values showing the same letter are not significantly different. Significant differences between 32-day-old control seedlings of each cultivar are indicated with different letters in italics (P \ 0.05). Values are mean ± SE, n = 10 Fig. 2 Transverse leaf section of a seedling (cv. Bomba) germinated and grown under NaCl stress. Most of the anatomical features presented in Table 2 are identified here. BC Bulliform cell, EC epidermal cell, CVB and LVB central and lateral vascular bundles, XEV xylem element vessel. Magnification 9400
rates of 78 and 58.3% of control values for sorbitol-and NaCl-stressed shoots, respectively. Since the eosin solution used in this experiment was equal for control and stressed shoots and both had most stomata open (Fig. 3d) , the decrease in transport rate appears mainly related to the increased size of xylem element vessels in response to saline stress observed in cv. Bomba (Table 2) .
Reproductive development under saline stress
Under the applied saline and osmotic stress conditions (150 mM NaCl and 300 mM sorbitol) rice plants did not reach the reproductive stage. Therefore, lower NaCl dosages were tested in order to compare their effect on both cultivars. They were applied from seedling germination to the end of the reproductive stage. Table 4 shows the effect of 10 and 20 mM NaCl on plant height and panicle development. The latter was estimated by the number of main shoots (no tillers) that developed a panicle, total number of panicles and average panicle weight. The reduction caused by NaCl on total number of panicles was more than fourfold stronger in cv. Bomba than in cv. Bahia. Cultivar differences under 20 mM NaCl were also evident with respect to main shoots with panicles and to panicle weight. From these three parameters, the weight of mature panicles appears the most sensitive to salinity and it showed a more than fivefold difference between cv. Bahia and Bomba plants. Plant height also showed the effects of NaCl treatments ( 
Discussion
We have studied responses to NaCl stress in developing rice seedlings for the earliest identification of markers of salt tolerance at the reproductive stage. In this regard, grain yield was one of the main differences in the response to salinity of the two rice cultivars used in this investigation. Mature Bomba plants were proven to be more sensitive to NaCl than those of cv. Bahia (Table 4) . Salt toxicity is generally seen in older leaves, which have been transpiring the longest, rather than in younger leaves. Toxicity symptoms appear at times varying with the salinity level and other environmental conditions (Munns 2002) . When rice is subjected to strong salt concentrations, also the younger leaves are less affected than older leaves (Alam et al. 2004) . In this respect, we used a strong NaCl concentration (150 mM) to be able to detect responses at the seedling stage.
At the seedling stage, the main difference between cultivars is the distinctive effect of the ionic component of salinity in cv. Bomba. This is noticeable in the growth parameters we monitored and is evident in several leaf anatomical features.
The initial stress-related differences in growth became noticeable when seedlings were developing their second and third leaves. By then, reductions in seedling height and, to a lesser degree, in the length of leaves were more Percentage of closed stomata in second leaves of control and NaCl-stressed seedlings and excised shoots is also indicated (D). CVB, SVB and LVB Central, small and lateral vascular bundles evident under NaCl than under sorbitol stress in cv. Bomba ( Fig. 1; Table 1 ).
The anatomical features analysed in transverse sections of second leaves show cultivar differences regarding the intensity of the response to saline stress ( Fig. 2; Table 2 ). Thus, in cv. Bomba values of 12 out of 13 features related to dimensions of the vascular system and the epidermal and bulliform cells, were significantly higher in NaCl-stressed seedlings than in controls. In cv. Bahia, the significant increases in values with respect to controls were limited to four features.
A common response of both cultivars was the increase in size of bulliform and epidermal cells under NaCl stress ( Fig. 2; Table 2 ). In most cases, sorbitol stress had a similar effect although less pronounced. Using in vitro grown seedlings of a different Japonica cultivar (Taipei 309), we reported an increase in the sizes of epidermal and bulliform cells in response to NaCl (Bahaji et al. 2002) ; the latter cells also became larger following freezing (Moukadiri et al. 1999 ). An increase in size of bulliform cells under NaCl, together with extensive leaf rolling, has been reported by Hameed et al. (2009) in cogon grass [Imperata cylindrica (L.) Raeuschel]. Therefore, this response appears to be common to several dehydration stresses, although its precise physiological role remains unclear.
Most features related to the vascular system increased in length or size under NaCl stress in cv. Bomba leaves, while the response in cv. Bahia to NaCl was limited and less pronounced. On the other hand, both NaCl and sorbitol had similar effects in the vascular system of cv. Bahia leaves, while with cv. Bomba the effect of NaCl was clearly stronger than that of sorbitol.
The relative xylem-conducting area, which is the ratio of xylem-conducting area to the leaf area, varies with the size of the plant. This ratio is usually high in plants transpiring large amounts of water (Larcher 2003) . In our case, although salinity decreased leaf length, the significant increase in size of xylem-conducting elements probably increased the relative conducting area. This mainly occurred in cv. Bomba, which is more sensitive than cv. Bahia.
A reduced diameter of xylem vessels and/or a reduced number of functional veins is a common response in tolerant species. Thus, mangroves and other halophyte species have wide vessels enabling high water flows, but as salinity increases water transport declines and the diameter of stem vessels also declines (Sobrado 2007) . On the other hand, Boughalleb et al. (2009) reported that size of the xylem vessels in the main veins was unaffected by NaCl in three forage shrubs with different degrees of salt tolerance. Baum et al. (2000) , using eosin uptake as a visual marker, also reported a decrease in both diameter of the waterconducting elements and volumetric water flow in saltstressed sorghum leaves.
Our results show variations in the rate of eosin transport that relate to the anatomical differences in the vascular system previously mentioned (Tables 2, 3 ). In leaves of cv. Bomba, the enlargement of xylem element vessels caused by saline stress was reflected in significant decrease in the rate of eosin transport. This was more pronounced than the decrease caused by osmotic stress. In cv. Bahia, both saline and osmotic stress caused a comparable, although not significant, decrease in xylem transport rate. This agrees with their similar effects on the size of the vascular system. On the other hand, volumes of eosin uptake decreased with respect to controls in stressed shoots of both cultivars, although differences were only significant for sorbitolstressed Bomba shoots. Differences in eosin uptake might be related to putative variations in the degree of stomatal aperture, which have not been estimated in this research, as the percentage of closed stomata were lower than 5% with independence of the control or stressed conditions. These experiments were performed under identical environmental conditions, with aliquots of the same eosin solution taken up by control and stressed shoots. The main experimental differences were the rice cultivar used and the fact that seedlings had grown either under control or stress conditions. Therefore, we consider that saline and osmotic stress affected in different degree the vascular systems of these two cultivars and this, in turn, is reflected by differences in the rate of xylem transport. The physiological mechanisms that might relate our observations at the seedling stage to differences in crop yield deserve additional investigations.
